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1 This study investigates, whether in addition to the thrombin receptor (PAR-1), the proteinase-
activated receptor-2 (PAR-2) is present in vascular smooth muscle cells (SMC) and mediates
mitogenesis. PAR-2 is activated by low concentrations of trypsin and the synthetic peptide SLIGRL.

2 Stimulation of bovine coronary artery SMC by trypsin (2 nM) caused a 3 fold increase in
DNLA-synthesis. A similar e�ect was observed with 10 nM thrombin. Trypsin-induced mitogenesis
was inhibited by soybean trypsin inhibitor, indicating that the proteolytic activity of the enzyme was
required for its mitogenic e�ect.

3 The speci®c PAR-2-activating peptide SLIGRL or the PAR1-activating peptide SFFLRN did
not elicit mitogenesis.

4 When the SMC were exposed to SLIGRL (40 nM), a homologous desensitization of cytosolic
Ca2+ mobilization was found after subsequent stimulation with trypsin (40 nM) but not thrombin
(15 nM).

5 Trypsin (2 nM) as well as SLIGRL (100 mM) activated the nuclear factor kB (NFkB) with a
maximum response 2 h after stimulation of the SMC. This suggests that both agonists acted via a
common receptor, PAR-2. Maximum activation of NFkB by thrombin (10 nM) was detected after
4 ± 5 h.

6 These data suggest that PAR-2 is present in coronary SMC and mediates a mitogenic response.
Activation of NFkB via either PAR-1 or PAR-2 does not predict mitogenesis.
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activated receptor-2; SBTI, soybean trypsin inhibitor; SMC, vascular smooth muscle cells

Introduction

The proteinase-activated receptor-2 (PAR-2) belongs to the
family of seven-transmembrane domaine G-protein coupled

receptors and is closely related to the thrombin receptor
(proteinase-activated receptor-1, PAR-1) with a 30% overall
amino acid sequence identity. Similar to the activation of the

thrombin receptor, activation of PAR-2 also involves the
proteolytic cleavage of the extracellular N-terminus of the
receptor. A new N-terminus is exposed which interacts

intramolecularly with other regions of the receptor thereby
triggering intracellular signalling (Nystedt et al., 1994; BoÈ hm
et al., 1996b). Synthetic peptides, corresponding to the
sequence of the new N-terminus of PAR-1 or PAR-2, can

activate their respective receptor directly. Synthetic thrombin
receptor activating peptides consisting of 6 ± 14 amino acid
residues were shown to mimic many cellular e�ects of

thrombin (Reilly et al., 1993; Glusa et al., 1996). In the
present study a peptide with the sequence SFFLRN,
corresponding to the new N-terminus of the cleaved bovine

thrombin receptor, was used. PAR-2 is activated by
nanomolar concentrations of trypsin and by the synthetic
peptides SLIGRL and SLIGKV, representing the sequence
of the newly exposed N-terminus of mouse and human

PAR-2, respectively (Nystedt et al., 1994; 1995; BoÈ hm et al.,
1996b). These PAR-2 speci®c peptides can also mimic

cellular e�ects of trypsin (Glusa et al., 1997; Saifeddine et
al., 1996).

There are only a few reports dealing with the tissue

distribution and function of PAR-2. The receptor was detected
in various tissues including vascular endothelial cells (Storck et
al., 1996; Mirza et al., 1996), keratinocytes (Derian et al., 1997)

and enterocytes (Kong et al., 1997). Possible functions include
contraction of intestinal smooth muscle (Saifeddine et al.,
1996), secretion of prostaglandins from enterocytes (Kong et
al., 1997) and endothelium-dependent relaxation (Glusa et al.,

1997; Emilsson et al., 1997).
Both, PAR-1 and PAR-2 are involved in the control of cell

proliferation. In human keratinocytes, thrombin receptor

stimulation enhanced cell growth, whereas activation of
PAR-2 led to the inhibition of cell growth (Derian et al.,
1997). In human umbilical vein endothelial cells, proliferative

responses were mediated by both receptors (Mirza et al.,
1996).

We have previously shown that thrombin is a potent
mitogen for bovine coronary SMC (Bretschneider et al., 1997;

Zucker et al., 1998). In the present study we investigated
whether, in addition to PAR-1, PAR-2 is also present in SMC
and whether this receptor mediates a mitogenic response. To

verify the presence of PAR-2 and the receptor speci®city of
trypsin, desensitization of cytosolic Ca2+ mobilization in SMC*Author for correspondence; E-mail: bretschn@zmkh.uni-jena.de
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after stimulation with PAR-1 and PAR-2 agonists was
investigated. The nuclear transcription factor NFkB was
shown to have a key role for the proliferation of SMC (Autieri

et al., 1995; Bellas et al., 1995). Therefore, NFkB activation
was also determined after stimulation of SMC by PAR-2
agonists.

Methods

Cell culture

Coronary artery SMC were isolated from adult cows according

to Fallier-Becker et al. (1990). Cells were cultured in a
humidi®ed atmosphere (378C, 5% CO2) in 80% HAM's F12-
medium and 20% DMEM supplemented with 10% foetal calf

serum (FCS), 100 U ml71 penicillin and 0.1 mg ml71 strepto-
mycin. SMC were identi®ed by their typical `hill and valley'
growth pattern and by immunostaining with a speci®c
monoclonal a-actin antibody. Cells of passages 4 ± 10 were

used for the experiments.

Cell number and viability

SMC were grown in 24-well plates, made quiescent in FCS-free
culture medium for 24 h and stimulated by trypsin (0.2 ±

20 nM). After 24 h, SMC were detached from the culture plate
by treatment with trypsin (0.05%)/EDTA (0.5 mM). The
viability of cells was determined by trypan blue exclusion.

For this purpose, the cell suspensions were incubated with
trypan blue for 5 min and the per cent of coloured cells was
counted using a haemocytometer.

[3H]-Thymidine incorporation

SMC were seeded into 24 well plates (56104 cells per well)

and cultured until con¯uency was reached. To obtain growth
arrest, cells were maintained in FCS-free medium for 24 h.
During the following 24 h, SMC were stimulated by the

indicated agents. Four hours prior to the end of the
stimulation period, SMC were pulse-labelled with [3H]-
thymidine (2 mCi ml71). Medium was removed and SMC were
washed sequentially with cold phosphate bu�ered saline and

HClO4 (0.3 M). The cells were solubilized in NaOH (0.1 M) at
378C for 60 min. [3H]-Thymidine incorporation into the DNA
was determined by liquid scintillation spectrometry.

Cytosolic Ca2+ measurements

Mobilization of cytosolic Ca2+ was measured with minor
modi®cation as described elsewhere (Kaufmann et al., 1998).
Brie¯y, SMC grown on Lab Tek chambered borosilicate

coverglass were washed twice with washing bu�er, containing
(mM): HEPES 10, NaCl 145, Na2HPO4 0.5, glucose 6, MgSO4

1, CaCl2 1.5 at pH 7.4. Cells were incubated for 15 min at 378C
in the same bu�er supplemented with 1.0 mM ¯uo-4 acetoxy-

methylester. Loaded SMC were washed twice, reincubated in
washing bu�er and stimulated by the agents indicated. For
single-cell ¯uorescence measurements of cytosolic Ca2+ an

inverted confocal laser scanning microscope (LSM 410, Carl
Zeiss GoÈ ttingen, Germany) was used. Fluorescence images
were collected by using the 488 nm argon ion laser line. The

intracellular Ca2+ concentration was calculated according to
Grynkiewicz et al. (1985). Fmax was obtained by the addition of
10 mM ionomycin+6 mM CaCl2, Fmin by the addition of
20 mM EGTA.

Detection of NFkB activation

Nuclear extracts were prepared according to Dignam et al.

(1983) with minor modi®cations. Brie¯y, cells were lysed in
bu�er A, containing (mM): HEPES 10, MgCl2 1.5, KCl 10,
phenylmethylsulphonyl ¯uoride 0.2, dithiothreitol 0.5 at
pH 7.9 for 30 min on ice. After centrifugation at 13,0006g

for 10 min, the nuclei were resuspended in bu�er C, containing
(mM): HEPES 20, MgCl2 1.5, KCl 1.2, EDTA 0.2,
phenylmethylsulphonyl ¯uoride 0.2, dithiothreitol 0.5 and

25% glycerol at pH 7.9 and subjected to a brief soni®cation.
Afterwards the samples were centrifuged at 13,0006g for
30 min and protein concentration in the supernatants was

measured according to Bradford (1976). Detection of NFkB in
nuclear extracts was performed by Western blot after
separation of 20 mg of nuclear proteins on a 8% sodium

dodecyl polyamide gel. Separated proteins were transferred
onto PVDF membranes (Immobilon-P polyvinylidene di¯uor-
ide, Sigma-Aldrich Chemie, Steinheim, Germany). The p65
subunit of NFkB was detected by a polyclonal antibody after

blocking the membrane for 45 min in Blotto, containing TBST
(mM): Tris-HCl 10 at pH 8.0, NaCl 150 and 0.05% Tween-20
and 5% dry milk. Afterwards, the membrane was washed three

times in TBST (5 min each). The ®rst antibody was detected by
a horseradish peroxidase-coupled secondary antibody. Enzy-
matic activity of the horseradish peroxidase was visualized by

enhanced chemiluminescence (ECL, Amersham, Buckingham-
shire, U.K.).

Drugs and solutions

Trypsin (bovine pancreatic trypsin, 42 U mg71; Serva,
Heidelberg, Germany); Mouse PAR-2-activating peptide

(SLIGRL; Institut fuÈ r Molekulare Biotechnologie, Jena,
Germany); soybean trypsin inhibitor; amastatin (Sigma,
Deisenhofen, Germany); bovine thrombin receptor activating

peptide (SFFLRN, Biogenes, Berlin, Germany); a-actin
antibody (Boehringer, Mannheim, Germany); ¯uo-4 acetoxy-
methylester (Molecular Probes Europe B.V., Leiden, The

Netherlands); polyclonal antibody against p65 (c-20, 1 : 10,000)
and secondary antibody; anti-rabbit IgG-HRP (sc-2004,
1 : 5,000, Santa Cruz, Heidelberg, Germany). Media and
supplements for cell culture were from Life Technologies

(Eggenstein, Germany). The following compounds were gifts:
puri®ed bovine a-thrombin (2067 U ml71, Dr J. StuÈ rzebecher,
Zentrum fuÈ r VaskulaÈ re Biologie und Medizin Erfurt der FSU

Jena, Germany); human PAR-2 activating peptide (SLIGKV;
Dr J. Storck, Institut fuÈ r Physiologie, WestfaÈ lische Wilhelms-
UniversitaÈ t MuÈ nster, Germany).

Statistics

The data on [3H]-thymidine incorporation are mean (s.e.mean)
of n independent measurements performed in triplicate.
Statistical analysis was performed by one way ANOVA,
followed by Bonferroni's multiple comparison test. P levels of

50.05 were considered signi®cant.

Results

Stimulation of [3H]-thymidine incorporation by
thrombin and trypsin

Stimulation of SMC by trypsin (0.2 ± 2 nM) caused a
concentration-dependent increase in [3H]-thymidine incorpora-
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tion (Figure 1). A maximum stimulatory e�ect was obtained at
2 nM and was equivalent to a 3 fold increase in DNA-

synthesis. Higher concentrations of trypsin, i.e., 20 nM, elicited
toxic e�ects as seen by a reduction in cell number and viability
by 14 and 18% of control, respectively (not shown) and a

decrease in [3H]-thymidine incorporation to only 17+3% of
control (n=5). To clarify whether the proteolytic activity of
trypsin was a prerequisite for its mitogenic e�ect, SMC were

incubated with soybean trypsin inhibitor prior to stimulation
by trypsin. At a concentration of 10 nM, the protease inhibitor
completely prevented trypsin-induced mitogenesis, whereas the
mitogenic e�ect of thrombin was not a�ected (Figure 2).

Soybean trypsin inhibitor did not in¯uence [3H]-thymidine
incorporation on its own: 94+4% of control (n=6, P40.05).
The mitogenic response to 2 nM trypsin was comparable to

that of 10 nM thrombin (Figure 3).

E�ects of SFFLRN and SLIGRL on [3H]-thymidine
incorporation

Even at a high concentration (100 mM), neither SFFLRN,
derived from the bovine thrombin receptor, nor SLIGRL
increased [3H]-thymidine incorporation into SMC (Figure 3).

Identical results were obtained when SMC were stimulated
with 100 mM SLIGKV: 100+7% of control (n=7; P40.05).
To exclude a possible proteolytic degradation of the peptides
by cell-derived peptidases during the 24 h incubation period,

additional experiments were carried out in the presence of the
aminopeptidase inhibitor amastatin (10 mM). Again, no
mitogenic e�ect was observed (Figure 3). Amastatin did not

in¯uence [3H]-thymidine incorporation on its own: 102+5%
of control (n=8; P40.05).

Mobilization of cytosolic Ca2+

Stimulation of SMC with trypsin (40 nM) resulted in a
transient rise in cytosolic Ca2+ (Figure 4, upper panel). A

second exposure of the cells to the enzyme did not evoke a
further Ca2+ signal (not shown). When thrombin (15 nM) was
added after a prior challenge with trypsin, a signi®cant Ca2+

response was produced (Figure 4, upper panel) which was only
slightly attenuated compared to the Ca2+ response obtained
after the ®rst challenge with thrombin (not shown). Similar,

after a preceding stimulation with SLIGRL (100 mM) SMC
were still responsive to thrombin (Figure 4, middle panel). In
contrast, when the SMC were stimulated with SLIGRL the

Ca2+ response to subsequent addition of trypsin was
completely abolished (Figure 4, lower panel).

Activation of NFkB

Stimulation of SMC by trypsin (2 nM) caused a signi®cant,
time-dependent activation of NFkB. Maximum activation was

obtained after 1 ± 2 h according to immunoblotting of the p65
NFkB subunit. The speci®c PAR-2 agonist, SLIGRL
(100 mM), induced the translocation of NFkB into the nucleus

with a comparable time course. Thrombin (10 nM) also

Figure 1 [3H]-Thymidine incorporation in SMC stimulated by
trypsin. Quiescent SMC were incubated with trypsin at the
concentrations indicated for 24 h. After pulse-labelling with [3H]-
thymidine (2 mCi ml71) during the last 4 h of the incubation period
[3H]-thymidine incorporation was determined. Means+s.e.mean from
seven separate experiments; *P50.05 (treatment vs control).

Figure 2 E�ect of soybean trypsin inhibitor (SBTI) on trypsin- and
thrombin-induced [3H]-thymidine incorporation into SMC. Cells were
incubated with SBTI 10 min prior to stimulation by trypsin or
thrombin. Means+s.e.mean from seven separate experiments.
*P50.05 (treatment vs control).

Figure 3 [3H]-Thymidine incorporation into SMC. Quiescent SMC
were stimulated by thrombin, trypsin and SFFLRN or SLIGRL in
the absence or presence of amastatin (Ama) for 24 h. After pulse-
labelling with [3H]-thymidine (2 mCi ml71) during the last 4 h of the
incubation period [3H]-thymidine incorporation was determined.
Means+s.e.mean from 5 ± 7 separate experiments; *P50.05 (treat-
ment vs control).
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activated NFkB; however, maximum activation was detected
only after 4 ± 5 h (Figure 5). Densitometric analysis (Scion

Image, Scion Corporation, Frederick, U.S.A.) of three
di�erent experiments revealed a similar degree of NFkB
activation by trypsin and SLIGRL after 2 h (3.2+1.7 and
4.2+1.6 fold increase) and for thrombin after 4 h (3.6+1.5

fold increase) of stimulation.

Discussion

Apart from the thrombin receptors (PAR-1, PAR-3, PAR-4)

until now PAR-2 is the only other known receptor which is
activated by a proteolytic mechanism. PAR-2 is stimulated
both by low concentrations of trypsin and the peptide
SLIGRL, representing the sequence of the new N-terminus

of the receptor. Thrombin is unable to activate PAR-2.
Likewise, SLIGRL speci®cally activates PAR-2 but fails to
activate PAR-1 (Nystedt et al., 1994; Blackhart et al., 1996).

Thus, these compounds provide suitable tools to study the
existence of PAR-1 and PAR-2 and their coupling to
intracellular signalling. The endogenous ligand(s) for PAR-2

in the vasculature is (are) still under discussion. Human
endothelial cells were found to express trypsinogen-2 mRNA
and trypsin in vitro and in vivo (Koshikawa et al., 1997). Thus,

it is possible that endothelial cell-derived trypsin activates
PAR-2 in SMC and perhaps other cells. Another candidate is
tryptase, released from activated mast cells (Fox et al., 1997;
Molino et al., 1997a).

This study demonstrates that PAR-2 is functionally active
in coronary artery SMC and mediates a mitogenic response.
Trypsin increased [3H]-thymidine incorporation into the SMC

at low nanomolar concentrations. Trypsin (2 nM) caused a
mitogenic e�ect comparable to that of 10 nM thrombin. This
action was not further increased at higher trypsin concentra-

tions. Trypsin-induced mitogenesis was inhibited by soybean
trypsin inhibitor indicating that the proteolytic activity of the
enzyme was required for its mitogenic e�ect.

Bono et al. (1997) have recently shown that trypsin and
thrombin at 10 nM stimulated proliferation of human aortic
SMC about 2 fold. This action was seen after 24 h. Similar
e�ects were found with 1 mM SFLLRN or SLIGRL,

respectively (Bono et al., 1997). In contrast, we did not
observe cell proliferation when bovine coronary SMC were
stimulated with thrombin (10 nM) or trypsin (2 nM) for the

same period of time, i.e. 24 h. In our previous studies
stimulation of these SMC by thrombin (10 nM) for 48 h
increased cell number by 20% (Zucker et al., 1998). In the

present experiments, neither SLIGRL nor SFFLRN (each
100 mM) increased [3H]-thymidine incorporation. McNamara
et al. (1995) suggested that human thrombin receptor-
activating peptide-induced proliferation of SMC may be

species-speci®c. In the present experiments, bovine SMC were
stimulated by SFFLRN derived from the bovine thrombin
receptor. Therefore, species-speci®c di�erences can be excluded

as a possible cause for the missing mitogenic response to the
peptide.

In the literature con¯icting results concerning the ability of

trypsin to activate PAR-1 and PAR-2 are reported. Trypsin
did not activate the thrombin receptor expressed in Xenopus
oocytes (Blackhart et al., 1996). In endothelial cells or COS-1

cells transfected with PAR-1 or PAR-2, trypsin was found to
activate both receptors (Molino et al., 1997b). To clarify this
issue for coronary SMC, we have studied desensitization of
cytosolic Ca2+ mobilization after the activation of PAR-1 and

PAR-2. Both receptors are coupled to activation of
phospholipase C, the generation of inositol 1,4,5-trisphosphate
and the release of Ca2+ from intracellular stores and both

receptors are desensitized by similar mechanisms (BoÈ hm et al.,
1996a; Molino et al., 1997b). Stimulation of the SMC with
trypsin or SLIGRL resulted in a transient rise in cytosolic

Ca2+. The Ca2+ response to thrombin in SMC preexposed to
trypsin or SLIGRL was only slightly attenuated. In contrast,
after the stimulation of SMC by SLIGRL the Ca2+ response to
trypsin was completely abolished indicating homologous

Figure 4 Mobilization of intracellular Ca2+ in SMC after
stimulation with PAR-1 and PAR-2 agonists. SMC were loaded
with ¯uo-4-acetoxymethylester and stimulated with SLIGRL
(100 mM), trypsin (40 nM) or thrombin (15 nM) for the times
indicated. Before SMC were challenged with the next stimulant a
short washout was performed. Similar data were obtained in at least
three independent experiments.

Figure 5 Time-dependent activation of NFkB by thrombin, trypsin
and SLIGRL. Activation of NFkB was measured by detection of the
p65 subunit in nuclear extracts of SMC by immunoblotting. The
presented experiment is representative for three independent experi-
ments with similar results.
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desensitization. These data provide clear evidence that trypsin
and SLIGRL activated a common receptor, PAR-2.

It has been shown that activation of the thrombin receptor

in vascular SMC activates the transcription factor, NFkB
(Nakajima et al., 1994; Bretschneider et al., 1997). Trypsin also
caused a signi®cant time-dependent activation of NFkB. A
similar time-course of NFkB activation was observed after

stimulation of SMC by SLIGRL, suggesting that both agonists
acted via PAR-2. This hypothesis is additionally supported by
the ®nding that activation of NFkB by thrombin and thrombin

receptor activating peptide (Bretschneider et al., 1997) was
detected signi®cantly later. In agreement with these data,
SLIGRL stimulated MAP kinase in rat aortic SMC with a

time course that closely resembled activation by trypsin.
Moreover, when SMC were exposed to SLIGRL a desensitiza-
tion of MAP kinase activation was observed after subsequent

stimulation with trypsin, but not with thrombin (Belham et al.,
1996).

In conclusion, the present study suggests that, in addition to
PAR-1, PAR-2 is present in bovine coronary SMC and

mediates a mitogenic response. As shown for thrombin

receptor activating peptide (Bretschneider et al., 1997),
SLIGRL activated NFkB but did not induce a mitogenic
e�ect. This con®rms the previous ®nding that activation of the

transcription factor NFkB does not predict a mitogenic
response (Bretschneider et al., 1997). It is suggested that the
induction of mitogenesis via both PAR-1 and PAR-2 requires
activation of additional receptors and/or signal transduction

pathways. PAR-2 mRNA was also detected in human
coronary SMC (Molino et al., 1996). Thus, activation of
PAR-2 may contribute to proliferation of SMC in coronary

vessels subsequent to vascular injury in man.

The sequence of the bovine thrombin receptor-activating peptide
(SFFLRN) was generously provided prior to publication of the
complete bovine thrombin receptor sequence by Dr Ute Reuning
(MuÈ nchen, Germany). The authors are grateful to Marlies Laube
and Christine Machunsky for competent technical assistance. This
study was supported by the Verbund fuÈ r Klinische Forschung of the
Friedrich-Schiller-UniversitaÈ t Jena (FS 5, Projekt 4).

References

AUTIERI, M.V., YUE, T.-L., FERSTEIN, G.Z. & OHLSTEIN, E. (1995).
Antisense oligonucleotides to the p65 subunit of NF-kB inhibit
human vascular smooth muscle cell adherence and proliferation
and prevent neointima formation in rat carotid arteries. Biochem.
Biophys. Res. Commun., 213, 827 ± 836.

BELHAM, CH.M., TATE, R.J., SCOTT, P.H., PEMBERTON, A.D.,

MILLER, H.R.P., WADSWORTH, R.M., GOULD, G.W. & PLEVIN,

R. (1996). Trypsin stimulates proteinase-activated receptor-2-
dependent and -independent activation of mitogen-activated
protein kinases. Biochem. J., 320, 939 ± 946.

BELLAS, R.E., LEE, J.S. & SONENSHEIN, G.E. (1995). Expression of a
constitutive NF-kB-like activity is essential for proliferation of
cultured bovine vascular smooth muscle cells. J. Clin. Invest., 96,
2521 ± 2527.

BLACKHART, B.D., EMILSSON, K., NGUYEN, D., TENG, W.,

MARTELLI, A.J., NYSTEDT, S., SUNDELIN, J. & SCARBOROUGH,

R.M. (1996). Ligand cross-reactivity within the protease-acti-
vated receptor family. J. Biol. Chem., 271, 16466 ± 16471.

BOÈ HM, S.K., KHITIN, L.M., GRADY, E.F., APONTE, G., PAYAN, D.G.

& BUNNETT, N.W. (1996a). Mechanisms of desensitization and
resensitization of proteinase-activated receptor-2. J. Biol. Chem.,
271, 22003 ± 22016.

BOÈ HM, S.K., KONG, W., BROÈ MME, D., SMEEKENS, S.P., ANDERSON,

D.C., CONNOLLY, A., KAHN, M., NELKEN, N.A., COUGHLIN,

S.R., PAYAN, D.G. & BUNNETT, N.W. (1996b). Molecular cloning,
expression and potential functions of the human proteinase-
activated receptor-2. Biochem. J., 314, 1009 ± 1016.

BONO, F., LAMARCHE, I. & HERBERT, J.M. (1997). Induction of
vascular smooth muscle cell growth by selective activation of the
proteinase activated receptor-2 (PAR-2). Biochem. Biophys. Res.
Commun., 241, 762 ± 764.

BRADFORD, M. (1976). A rapid and sensitive method for
quantitation of microgram quantities of protein utilizing the
principle of protein-dye binding. Anal. Biochem., 72, 248 ± 254.

BRETSCHNEIDER, E., WITTPOTH, M., WEBER, A.-A., GLUSA, E. &

SCHROÈ R, K. (1997). Activation of NFkB is essential but not
su�cient to stimulate mitogenesis of vascular smooth muscle
cells. Biochem. Biophys. Res. Commun., 235, 365 ± 368.

DERIAN, C.K., ECKARDT, A.J. & ANDRADE-GORDON, P. (1997).
Di�erential regulation of human keratinocyte growth and
di�erentiation by a novel family of protease-activated receptors.
Cell Growth Di�er., 8, 743 ± 749.

DIGNAM, J.D., LEBOVITZ, R.M. & ROEDER, R.G. (1983). Accurate
transcription initiation by RNA polymerase II in a soluble
extract from isolated mammalian nuclei. Nucl. Acid. Res., 11,
1475 ± 1489.

EMILSSON, K., WAHLESTEDT, C., SUN, M.-K., NYSTEDT, S., OW-

MAN, CH. & SUNDELIN, J. (1997). Vascular e�ects of proteinase-
activated receptor 2 agonist peptide. J. Vasc. Res., 34, 267 ± 272.

FALLIER-BECKER, P., RUPP, J., FINGERLE, J. & BETZ, E. (1990).
Smooth muscle cells from rabbit aorta. In: Cell culture techniques
in heart and vessel research. ed. Piper, H.M. pp. 247 ± 270. New
York: Springer Verlag Berlin, Heidelberg.

FOX, M.T., HARRIOTT, P., WALKER, B. & STONE, S.R. (1997).
Identi®cation of potential activators of proteinase-activated
receptor-2. FEBS Lett., 417, 267 ± 269.

GLUSA, E., PAINTZ, M. & BRETSCHNEIDER, E. (1996). Relaxant and
contractile responses of porcine pulmonary arteries to thrombin
and thrombin receptor activating peptides. Semin. Thromb.
Hemost., 22, 261 ± 265.

GLUSA, E., SAFT, A., PRASA, D. & STUÈ RZEBECHER, J. (1997).
Trypsin- and SLIGRL-induced vascular relaxation and the
inhibition by benzamidine derivatives. Thromb. Haemost., 78,
1399 ± 1403.

GRYNKIEWICZ, G., POENIE, M. & TSIEN, R.Y. (1985). A new
generation of Ca2+ indicators with greatly improved ¯uorescence
properties. J. Biol. Chem., 260, 3440 ± 3450.

KAUFMANN, R., HOFFMANN, J., RAMAKRISHNAN, V. & NOWAK,

G. (1998). Intermediates of prothrombin activation induce
intracellular calcium mobilization in rat aortic smooth muscle
cells. Thromb. Haemost., 80, 1018 ± 1021.

KONG, W., MCCONALOGUE, K., KHITIN, L.M., HOLLENBERG,

M.D., PAYAN, D.G., BOÈ HM, S.K. & BUNNETT, N.W. (1997).
Luminal trypsin may regulate enterocytes through proteinase-
activated receptor 2. Proc. Natl. Acad. Sci. U.S.A., 94, 8884 ±
8889.

KOSHIKAWA, N., NAGASHIMA, Y., MIYAGI, Y., MIZUSHIMA, H.,

YANOMA, S., YASUMITSU, H. & MIYAZAKI, K. (1997).
Expression of trypsin in vascular endothelial cells. FEBS Lett.,
409, 442 ± 448.

MCNAMARA, C.A., SAREMBOCK, I.J., GIMPLE, L.W., FENTON II,

J.W. & OWENS, G.K. (1995). Human thrombin receptor-activating
peptide-induced proliferation of cultured vascular smooth
muscle cells exhibits species speci®city. Drug Develop. Res., 35,
7 ± 12.

MIRZA, H., YATSULA, V. & BAHOU, W.F. (1996). The proteinase
activated receptor-2 (PAR-2) mediates mitogenic responses in
human vascular endothelial cells. J. Clin. Invest., 97, 1705 ± 1714.

MOLINO, M., BARNATHAN, E.S., NUMEROF, R., CLARK, J.,

DREYER, M., CUMASHI, A., HOXIE, J.A., SCHECHTER, N.,

WOOLKALIS, M. & BRASS, L.F. (1997a). Interactions of mast cell
tryptase with thrombin receptors and PAR-2. J. Biol. Chem., 272,
4043 ± 4049.

MOLINO, M., BRASS, L.F., KUO, A., RAGHUNATH, P.N. & BAR-

NATHAN, E.S. (1996). A novel protease activated receptor
distinct from the thrombin receptor is expressed by vascular
cells and is activated by mast cell tryptase. Circulation, 94,
(Suppl I) S1 ± S18.

PAR-2-induced mitogenesis 1739E. Bretschneider et al



MOLINO, M., WOOLKALIS, M.J., REAVEY-CANTWELL, J., PRATICOÂ ,

D., ANDRADE-GORDON, P., BARNATHAN, E.S. & BRASS, L.F.

(1997b). Endothelial cell thrombin receptors and PAR-2: two
protease-activated receptors located in a single cellular environ-
ment. J. Biol. Chem., 272, 11133 ± 11141.

NAKAJIMA, T., KITAJIMA, I., SHIN, H., TAKASAKI, I., SHIGETA, K.,

ABEYAMA, K., YAMASHITA, Y., TOKIOKA, T., SOEJIMA, Y. &

MARUYAMA, I. (1994). Involvement of NF-kB activation in
thrombin-induced human vascular smooth muscle cell prolifera-
tion. Biochem. Biophys. Res. Commun., 204, 950 ± 955.

NYSTEDT, S., EMILSSON, K., LARSSON, A.-K., STROÈ MBECK, B. &

SUNDELIN, J. (1995). Molecular cloning and functional expres-
sion of the gene encoding the human proteinase-activated
receptor 2. Eur. J. Biochem., 232, 84 ± 89.

NYSTEDT, S., EMILSSON, K., WAHLESTEDT, C. & SUNDELIN, J.

(1994). Molecular cloning of a potential proteinase activated
receptor. Proc. Natl. Acad. Sci. U.S.A., 91, 9208 ± 9212.

REILLY, CH.F., CONNOLLY, TH.M., FENG, D.M., NUTT, R.F. &

MAYER, E.J. (1993). Thrombin receptor agonist peptide induc-
tion of mitogenesis in CCL39 cells. Biochem. Biophys. Res.
Commun., 190, 1001 ± 1008.

SAIFEDDINE, M., AL-ANI, B., CHENG, CH.-H., WANG, L. &

HOLLENBERG, M.D. (1996). Rat proteinase-activated receptor-
2 (PAR-2): cDNA sequence and activity of receptor-derived
peptides in gastric and vascular tissue. Br. J. Pharmacol., 118,
521 ± 530.

STORCK, J., KUÈ STERS, B., VAHLAND, M., MORYS-WORTMANN, C.

& ZIMMERMANN, E.R. (1996). Trypsin induced von Willebrand
factor release from human endothelial cells is mediated by PAR-2
activation. Thromb. Res., 84, 463 ± 473.

ZUCKER, T.-PH, BOÈ NISCH, D., MUCK, S., WEBER, A.-A., BRETSCH-

NEIDER, E., GLUSA, E., SCHROÈ R, K. (1998). Thrombin-induced
mitogenesis in coronary artery smooth muscle cells is potentiated
by thromboxane A2 and involves upregulation of thromboxane
receptor mRNA. Circulation, 97, 589 ± 595.

(Received June 24, 1998
Revised January 21, 1999

Accepted February 2, 1999)

PAR-2-induced mitogenesis1740 E. Bretschneider et al


